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PREFACE

This fit {al report is a description of the technology used and

result s obtained in a test intended to verif y the feasibility of using

laser Doppler velocimetry for measurement of low speed winds in

fog . The test was conducled by personnel of Lockheed Missiles &

Space Company, Inc., Huntsville Research & Engineering Center.

Lockheed-Huntsville personnel cont r ibuting to this effort were E. 3.

Gorzyn ski , G. M . Miller and K.R . Shrider . The dedicated efforts

during the test phase of Dr. Alan I . Weinstein and Frederick J.

Brousaides of the Air Force Geophysic s Laboratory are gratefully

acknowledged.
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Section 1
INTR ODUCTION AND SUMMAR Y

1.1 BAC KGROUN D

Significant effort is currentl y be ing devoted to development of instru-
mentation to remot ely sense atmospheric flow phen omena. Some of the
avenues being pursued are active and passive acoustic sensors , optical
sen sor s, and radi o methods . A useful survey of such methods is presented
in R e f .  1. Two advantages of rem ot e sensors are  that flow conditions can be
ascertained in regions of space where it would not be convenient to locate
instrumentation hardware , and no interference with the flow at the point of
interest is introduced b y their use. The laser Doppler velocimeter (LDV)
is a particularly attractive device for remot e sensing of atmospheric phe-
nomena. In the LDV system, the laser radiation backscattered b y moving
particulates In the atmosphere is used to determine the velocit y of the flow.
Since it is possible to direct the laser focal volume at a selected sequence
of points in space , data from a scanning LDV system can be us ed to deter-
mine the velocity field rapidl y and over a range of altitudes . A CO2 la ser
Doppler velocimeter system has the following advantages over other remote
sensing techniques: ( 1) the position of the volume within which velocity is
sensed can be varied with ease as only optic pointing and focusing operations
are involved; (2) the ambient aerosol provides a sufficient scattering target;
and (3) the sensing mechanism is non-mechanical which results in the potential
for a high frequency turbulence sensor .

The feasibility of using a laser Doppler velocim eter (LDV) system for
the remote sen sing of low altitude winds and for the detection and tracking of
aircraft wake vortices has been demonstrated (Refs .  2 throug h 6) .  The par-
ticular application for which the test described herein was conducted is the
measurement of wind in fog . The accurate measurement of wind in fog is

necessary for successful application of fog dispersal systems to dissipate
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fog at military bases.  The accurate measur ement of low speed wind is

particularly important .
S

1.2 PROGRAM OBJECTIVES

The primary objective of the test was to verify the ability of the LDV

to measure low speed winds in both advection fog and radiation fog . It was

also desired to defin e particular potential system or operating modification s

which could be employed to improve low speed wind measurement capability

in a system specifically designed for such purposes. An adjunct objective

was an evaluation of the feasibility of measuring visibility with the LDV by

measuring the attenuation of the laser signal . The results of that feasibility

evaluation are not reported herein. However , the adjunct purpose of the test

is discussed because it affected the manner in which the wind measurement

data were taken.

1.3 REPORT FORMAT

A brief description of laser Doppler velocimetry and the Lockheed-

Huntsville Mobile Atmospheric Unit is presented in Section 2. Section 3

contains a description of the mathematical algorithms used to measure

winds. The tests conducted at the Air Force Geophysics Laboratory Test

Site at Otis AFB, Massachusetts are described in Section 4 with a presenta-

tion and discussion of results.

a
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Section 2

LASER DOPPLER SYSTEM DEVELOPMENT

2.1 SYSTEM DESCRIPTI ON

An LDV wind/vortex sensor senses air movement b y measurement  of

the Doppler frequency shift of laser radiation backscattered b y the atmo s-

pheric aerosol. An instrument  must incorporate means to transmit  the laser

‘diation to the reg ion of interest , collect the radiation scattered from the

..‘~.~nospheric aerosol and to ph otomix the scattered radiation and a portion of

the transmitted beam on a photodet ector. The d i f f e rence  between the trans-

mitted frequency and the r eturned frequency is the Doppler shift f r equency .

The Doppler f requency shift signal is genera ted  at the photodetector and is

translatable into an along -optic axis wind velocit y component using appro-

priate electronics. The magnitude of the Doppler shift . ~~f , is g iven by the

equation

= -~ jvl cosO

where

l v i  = the velocity vector in the region being sensed

= the laser radiation wavelength , and

0 = the angle subtended by the velocity vector and
the optic system line of sight.

A Doppler shift of 188 MHz results per m/sec of l i n e - o f - s i g ht velocit y c om-

ponent. Thu s measurement  of the Dopp ler shift f r equency ,  ~~f , y~e1ds direct l y

the l ine-of-sight velocity component l v i  cosO . Som e typical advantages  t~ f the

laser Doppler method are:  (1) the Doppler shi ft is a d i rec t  absolut e m ea su r e

of the velocity (fo r example , the hot wire y ie lds velocity via a cooling c f f .~ct

on the wire) ,  (2) the ease with which the position of the sens ing  volume can

be va ried (optics pointing and foc using operation s only being i n v o l v e d ) ;  (3 )

the ambient aerosol provides suff ic ien t sca t t e r ing ,  t h u s  enabl ing operation

9
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in °clear air ” conditions; and (4) the ambient aerosol tracer has a small
inertia and responds quickl y to variations in airspeed and is thus a good
turbulence indicator.

A useful instrument must also incorporat e means of scanning the sys-
tern ’s sensing volume in the desired manner and to also effect the required
signal pr ocessing , on-line read-out  and permanent recording r equirements.

The hardware implementation of the field laser Doppler unit utilized
during this investigation is discussed i~i the following subsections. The
overall configuration is summarized in Fig. 2-1 .

2.1.1 Basic LDV Optical System

The optical system is of a monostatic design and utilizes a Continuous
wave laser. This arrangement depends on focusing the transmitter  telescope
at the location of interest for its spatial resolution propert y. Details of the
optical arrangement are shown in Fig. 2-2 .

Specifically,  a horizontally polarized , 20-watt , cont inuous wave CO2
laser beam (10.6 micron wavelength) emerges from the laser (l and is
deflected 90 degrees by a mirror ®. The approximately 6 mm diameter
beam then passes throug h a Brewster  window and a CdS quarter wave-
plate ~~~ which converts it to circular polarization . The beam impinges on
the secondary mir ror  6 and is expanded and reflected into the primary mir-
ror (30 cm diameter) 7 and then focused out into the atmosphere.  A small
portion of the orig inal laser beam is reflected b y the secondary mir ror  and
the Brewster window and is used as a reference f requency on the photo-
detector 6~j . En erg y scattered by aerosols , at the focal volume is
collected by the primary mirror collimated by the secondary®,  and
passed throug h the quarter waveplate (~~. The quarter  waveplate changes
the polarization of the aerosol backscattered radiation from circular to
vertical l inear polarization . The ve rtically polarized beam is approximately

10
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78 ~ re flected off  the Brewster  window® . A f t er  pass ing  throug h the col-

lecti ng lens ®the two beams are photomixed on the detector  in a

heterod yri e confi guration.  The electrical output of the detector is

a mpl i f ied  ({iJ with a 5 MHz b andwidth , 20 dB ga in  low noise  type preamp-

li f i e r  and fed into a spectrum analyzer

2. 1.2 Optic Scanning Sys tem

In order  to provide the  flexibility required to operate the various re-

quired modes, a scanning arrangement as shown in Fig. 2-3 is utilized. The

required modes of operation include vortex t r a c k i n g  (not r e q u i r e d  for t he

m e a s u r e m en t s  desc r ibed  in t h i s  doc ument) and velocit y az imu th  d isp lay  (VAD )

for  measu remen t  of atmospher ic  wind.  The m i r ro r  a s s e m b ly ,  A13. can be

rotated about the  vert ical  ax i s  for scann ing  in az imuth  n e c e s s a r y  for the  VAD

(also called conical  scan mode of opera t ion) .  M i r r o r  A is ad jus ted  to control

the e levat ion ang le of the beam , t h u s  cont ro l l ing  the cone ang le of the  con ica l

scan.  The scanning  h a r d w a r e  as deployed on the  mobile van is shown in

Fig . 2 - 4 .

R a n g e  scanning of the  s y s t e m ’ s focal volume is accompl i shed  b y vary-

ing the  d i s ta n c e  between the te lescope secondary  m i r r o r , E , and the  p r i m a r y

m i r r o r , D. This  is e f f ec t ed  b y va ry ing the posi t ion of the  m i r r o r , E , in a

control led manner  by an electric motor/optical encoder  combinat ion .

The operator input s for the scanning system are  made  th roug h a cout ro l

panel  incorporat ing thumbswitch control s and LED m o n i to r s .  The s y s t e m ’ s

scan capabilit ies is summarized  in Table 2 - 1  and Fig .  2 - 5 , r e sp ec t iv ely .

2 .1.3 Signal  P rocess ing  System

The Doppler f r e q u e nc y  sh i f t  of the  photode tec tor  ou tpu t  i s  a s c e r t a i ne d

throug h use of a sampled spectrum anal yz er w h i c h  p r o v i de s  f r e q u e n c y  s pec t r a

(intensit y of returned signal as a func t i on  of Doppler  s h i f t )  at  a r ; t t t  of 70 su~ -

natures  per second . A typical Do pp ler  wind s i g n a t ur e  is shown in F ig .  2-u .

13
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Fig.  2 - 3  - Schematic of Scan Equipment Added to LDV
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Table 2- 1
SCAN CAPABILITIES

RANGE M a x i m u m  Limit : 100 to 800 m

M i n i m u m  Limi t :  16 to 650 m a

Scan F r e q u e n c y :  0.1 to 6.9 Hz

ELEVATION Max imum L i m i t :  10 to 90 deg

M i n i m u m  Limit : 0 to 90 deg

Hard L imi t :  3 deg with O v e r r i d e

Scan F r e q u e n c y :  0.1 to 0.5 I-Iz

VAD MODE M e a s u r e m e n t  Al t i tude:  10 to 640 rn

M e a s u r e m e n t  T i m e/A l t i t u d e :  5 sec

Sainp e R a t e :  1 to 7 Cy c l e s

Nu~nber  of A l t i t u d e s:  .8

M ULTIM O D E E leva t i on  C o v e r a g e :  3 to  90 deg U p w i n d  and
Down wind

Scan Plane  .\:~in i u t h :  360 deg

V e r t i c a l  L i n e  scan: 16 to 640 m

O v e r h e a d  Ar c  Scan:  QQ 
~~~~~~ C ov e r age

A CC L J R A C ’1 R a ng e :  0.5 m at 500 ft

16
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To y ield a l i n e -o f - s i g ht velocity estimate, a voltag e is made avai lable  which

has  the same t ime behavior as the Doppler shift , 1d’ as g iven b y the peak of

the spectrum .

The implementation of th is  techni que is , in essence , a r e c u r s i v e  c om-

parison method. The spec t rum anal yzer  scan is d r iven  b y a sawtooth voltag e

der ived f rom a D/A conver ter , the  input to which is counter  clocked at a con-

stant rat e , hence the dig ital number  output of the counter  r e p r e s e n t s  f r e q u e n c y

on a l inear  scale . At each new count , the spect rum anal yze r  output i s  con-

verted to a dig ital r ep resen ta t ion  by an A/D conver t e r , and the b i n a r y  n u m b e r

represent ing  the  c u r r e n t  sample is compared with tha t ob ta ined  on t h e  pre-

vious count . I f  the cu r r en t  one is the l a rger  of the two , it is saved  b y s to r ing

in a latch , along with the b i n a r y  number  r ep resen t ing  its f r e q u e n c y :  if  it is

smaller , the  previous  one is re ta ined  unt i l  the  next  c o m p a r i s o n . Th i s  p roces s

is cont inued  for  the  en t i r e  sweep . It is  ev iden t  tha t  t h e  n u m b e r  r e m a i n i n g  in

the f r e q u e n c y  s tore  latch , when the sweep is completed , c o r r e s pon d s  to the

hig hes t  si gna l  power obse rved , i . e . ,  the peak of the  s p e c t r u m .  At t h e  end of

each sweep, the new peak fr equency found rep laces  that  obta ined  on the  pre-

vious sweep . An exampl e of i ts  output is shown in Fi g . 2 - 7  for  the c a s e  of

_ _

____ ____ I = 5 Hz Sine Wave

Oscilloscope Data

- 
- 

. . . . Horiz. .1 sec/ div
- 

-
. I Vert. I V/div

Fig. 2 — 7  — Output  of ~ i gn . i  1 I’i t u  s s c t r  f o r  VM NI o ( l t l l i l t e d  In p u t



an FM signal of center f requency  2.0 MHz (f 0 ) modulated to ±200 kHz about
f at a 5 Hz rate sinusoidall y.

A provision is included for t racking single sideband suppressed car r ie r
signal s, with an identification of upper or lower sideband such that when used
in conjunction with an acousto-optic modulator the  unit can discriminate the
sign of the Doppler shift . The si gnal feedthroug h at the translated f requency
can also be discriminated against digitally, thus eliminating the need for a
“notch filter.” 

-

The raw spectral informat ion (output of the spectrum anal yzer  is also
made available to the Systems Engineering Laboratories (SEL) 810A data
logging minicomputer which is programmed to generat e its own e stimate of
the spectral peak.

2. 1 .4 Data Recording and Displa y

Pr imary~ The pr i mary  data ga ther ing  func t ion  is p e r f o r m e d  b y an SEL
S1OA genera l  purpose  min icompute r.  Data gather ing by the Mobile  Atmos-
pher ic  Unit is  formatted by the computer software and stored on magnet ic
tape for subsequent  process ing  on the  Univac 1108. The SEL 7- t rack  tape
control and magnetic tape unit s allow digital  recording of data at 800 bpi at
45 ips , which recording densi t y is common to the Univac 1108 I/O system .
The data logged b y the computer includes:

• All scan volume location parameters

• “Mode of operation ” iden t i f i e r

• The ins tan taneous  l i n e - o f - s i ght velocity i n f o rm a t i o n

• The Doppler spectrum peak streng th
• Full spec t rum ii ‘. -n ’-dt y and f requency i n f o r m a t i o n  (optical)

• A data quality i d e n tj !i ~~r .

Proper t ies  of t he  Doppler sp e c t r u m , namely , the amplitude and frequency
cor respond ing  to the spectral  peak are  obtain ed as a result of on-lin e

20 
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computer processing except for  the f requency  which is also obtained by th e

spectral peak locator (velocity processor)  d iscussed previousl y. The latter

allows some flexibility for on-l ine operator disp lays (see below).

Secondary:  The velocity processor output estimate of the instantaneous

l ine -o f - s ig ht velocit y,  updated at a 70 Hz rate , is a vai labl e in ana log format

which can be recorded directl y on a strip chart  recorder , an option whic h is

extremely use fu l  during the VAD mode of operation for monitoring the char-

acteristic prof i le .

Some overall views of the mobil e unit hardware as util ized during this

program are shown in Fig s . 2 - 8  throug h 2-11 .

2 .2 WINDS ALOFT SENSING

Using the basic system outlined previously it is possible , by scanning

operation s , to determin e the three-component  wind field at any specified

altitude between SO and 2000 feet. The scanning method employed is corn-

monly re fe r red  to as the velocit y azimuth display (VAD) technique which was

first  utilized b y Lhermitte and Atla s in conjunction with a microwave rada r .

The telescope is focused at the al t i tude of interest , the beam being di-

rected at a zenith ang le , 3. The beam is then scanned in azimuth , thus  t rac ing

out a circle at the selected altitude (Fi g . 2 - 1 2 ) .

The instantaneous l ine -o f - s ig ht c ompon ent of velocity within the sen s ing

volume as measured by the LDV , vr~ 
is g ive n by

V = V
h 

sinf3 cos(~ - Q )  + w cos13

V
h 

and 
~~~ 

respectively, being the speed and direction of the ho r i zon ta l  wind

motion and w the vertical motion at the hei g ht being sampled.  The a z i m u t h a l

*AI so kn own as conical  scan techni que because  of beam s ca nn i n g  con fi g u r a t i o n .
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dependence of y
r is suf f ic ien t  to y ield the hor i zon ta l  speed and direct ion and

vert ical  component of velocit y ,  respect ively.

In the present  mode of operation , the system is unable to d i s t ingu i sh
b etween positive and neg ative values of V

r~ 
T h e r e f o r e , it is the absolut e value

of V
r 

( l v r~
) that is sensed .  This resul t s in a signal  as shown in Fig.  2 - 1 3  i n -

stead of the  sinusoidal  si gnal  as shown in Fig . 2 - l Z . This resul t s in an am-  -

biguit y of 180 deg in the wind direct ion s incc  it is uncer ta in  wh ic h peak in

F i g . 2 - 1 3  r ep re sen t s  looking into the wind .  In p rac t i ce , no problem oc cLr s
because  the operator  records  approximate wind direct ion , and the data process-

ing t echn ique can then  calc ulate exact wind directicu.  This reso lves  all wind

direct ion ambi g uities i~ the operato r ’ s input estimate is within ±89 deg of the
t r u e  wind d i r e c t i o n .

W h i l e  operat ing in the VAD mode the sys tem is capable of m e a s u r i ng

winds at n n = 1 throug h 8) a l t i tudes  (that can be dialed in b y us ing  thumb-
s w i t c h e s)  in sequenc e ~t v e i  a total t ime period of Snp sec where

5 sec = t i m e  f~ r conica l  sweep at one a lt i tude

n = n u m b e r  of a l t i tudes  to be i n t e r roga t ed

p = n u m b e r  of VAD scans at each a l t i tude
(can be chosen t~ be 1 throug h 7) .

Dur ing th i s  invest iga t ion  n = 2 , p = I w e r e  u t i l i zed , t h u s  a l lowing  the  meas-

urement  of wind at tv~ n a l t i tudes  every  10 seconds .  A l t e r n a t i n g  b et w e e n  t h e

two aLitudes (28m and 43m ) was  p e r f o r m e d  for t h e  test  d u r a t i o n  r eq ui r e d .

- ----

~ 

— 
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V h = (V 1 + V 2 )/2 s in8 
-

w = (V
1 - V

2 )/2 cose
V ci oc i t  y

\ -;

Fig .  2 — 1 3 — .-\ / ir nu t h  A n g l e  D ep e n d e n c e  of M e a s u r ed  V e lo e i tv  c :ompon~-nt
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Section 3

DATA PROCESSING FOR W I N D  M E A S U RE M E N T

Acqui s i t ion  and p r oces s ing  of the LDV si g n a t u r e  is accompl i shed  b y

m e a n s  of a compact data handl ing sys tem developed spec i f ica l l y  fo r  the

L oc k h e e d - H u n t s v il l e  M A C .  The gene ra l  e lements  of the M A U  data acquisi-

t i m  an( 1 data p r o c e ss i n g  sys tem are  shown in F i g .  3- 1 .  The di g i t i zed  LDV

iflt i - n - - l t y  v e r s u s  f r e q u e nc y  signal  along with its coo rd ina t e s  in space is  ied

int o t h e  H L L  810 min i compu te r .  R ep r o c e s s i n g  of the  LDV  si gna l  is ca r r ied

out on the  m i n i c omp u t er  uti l i,~i i g  on — l i n e  compute r  p rOg r a m s  wri t t en  in ~ EL

m a c h i n e  l a n g u a g e .  I n f o r m ation f ro m  thc~~ E L  810 is  s tored on m a g n e t i c  tape

and i s  u s e d  as an input  to t he  o f f - l i ne  p roc e s s i n g  a l g o r i t h m s .  O f f - l i n e  process-

ing of t he  LDV si gna l  is c a r r i e d  out on a Univac 1101-i compu te r  wi th  p r o g r am s

~eri t tcn in FOR TRAN l a ng u a g e  and u s ing  c a r d  inputs  with in f o r ni a t i t  in f rom  the

l i i i ~ s t° supplement the data . The f low of data f ro m  the  NI :\1’ i s  s1~~-t ch e d  in

Fig . 3 — 2  sh ’  w i n g  both the  on — l i n e  and o f f — l i n e  data proce s s ing  r ou tm e S.  On —

l ine  m a n i pula t ion  ot  the d ata is  ca l -r i  ccl mt b y t h e  ~ L 1~ Data L o gg e r  p r o g r a m .

The o f f - l i n e  p roces s ing  is c a r r i ed  out by t he  \ : \ 1)  tn d  V or t ex  T r i c k  pr is r a u l .

The f ina l  output c o n s i s t s  of p r in tou t s an d  p1 i t s .  A c t c s c r i p t i i ’n  of t h e  dat ,~

logi~ er . and the  \~AD pr og  ram and  t h e i r  op & - r i t i  on al  e: ra  e ter i  s t ic  5 i S C i V  i -n

in t he  Ii i l lowi  ng sec t ions .

3 .1 D E S C R I  1~TI ON OF I I D V  ~ OF T\ V AI~ F ~ Y -- T E ’ - .~

I ) t t a  a c q u i s i t i o n  in t h e  N! ob i ld -  - \ t n i l i s p h t r i e  Cml  is & ‘~, r r i e d  ‘ut by t h e

SE E  I ) t t , i . L o g) ’cr  p r og r a m .  A s w i - - p C a ~ sp e c tr u m  a n a I v ~~t r  is  us c i i  ( i i  ( i etd ’ ct

t he D ’pI) 1~ -r  s h i f t  f req u e nc y . A d i - i g  r am u t  t h e  I i i t p t I t  i i i  t h e  ~-p - e t r u n i  a n t 1 v . ~t r

:1 
is  ~~~~~~~~~ in Fi g . 3 ~ Tui~ output  oj  ft ~’ ~~~~ t r u m i t i t i y i - r  i s  t i e  v a l ue  of sm n a l

i n t . n s i t v  for  each of one h u n d red  t r e q u t ’ m v h a n d s  s p i n n i n g  t h e  I I I )  i c  f r c q u c - i i e v

sca le .  T h e  dat , i  I u ’c t - r  on t h e  S F 1 ,  t i m p t i t e m  r i - i i i r d s  ~~~~~ s i i ~n a I  i n t i - n s i f v  f o r

c - o h  f r d - c j u t - i i c y  band t i c  w h i c h  t h e  DI pp i i -r  I r i l u c n c v  shi ~ t , - \ c c , -d s  t h e  \ i - I I e l t v

- ___
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Fig .  3 - I  - Genera l  Elem ents of M All 1)ata Acquisition and I)ata Processing
Sys tem
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Fig .  3-2 - Data Flow from Mobile Atmospheric  Uni t
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k 
= Highest velocity detectabl e above amplitudep threshold

V = Velocity corresponding td ) maximum signal
~ inten sity
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threshold and the signal inten sity exceeds the amplitude threshold. This data

is stored on magnetic tape for off-line processing. A flow diag ram of the

data logger is shown in Fig .  3-4.

An off-lin e conversion program identifies the frequency band with the

maximum amplitude LDV signal . This program saves the maximum ampli-
tude  LDV signal , ‘ms ’ and its corresponding f r e q u e n c y ,  V . which is above
both the  amplitude and f r eq u e n c y  t h r e sho lds . The def in i t ion  of I and V

ms ms
and the shape of the  characteristic LDV spectrum is shown in Fig. 3-3. It
can be seen that  V is the  cha rac t e r i s t i c  veloci ty a s soc ia t ed  with the flowms
phenomenon . The output from the o f f — l i n e  convers ion  pr ogram con s i s t s  of
V as a funct ion  of t ime and spatial coordina tes  of the  sens ing  vo lume.ms
p rom the output of th is  p rogram the wake  vortex velocit y f ie ld  or wind f ield

can be recon structed using an addit ional  o f f - l i n e  p rocess ing  r o u t i ne .

The t w o - s t e p  process  used  to g e n e r a t e  V as a funct ion  of t ime and
space was n e c e s s i t a t ed  b y the  adjunc t  pu rpose  of r e l a t ing  laser  a t t enua t ion  to

v i s ib i l i t y .  The output tape of the data logger  is to be used  for  the  data anal y-
sis of that stud y.  In the  more  usua l  s i tua t ion  of wind  m e a su r e m e n t  (i • c ., when
l a ser  a t tenuat ion data a r e  not n e e d e d )  the t w o  s t ep s  a r e  a c c o m p lished in a o n e —
step p r o c e s s  u s i n g  the  SEL 810 compute r . The output of t h e SEL compu te r
in that case  is ident ical  with that  of the  o f f — l i n e  conve r s ion  p r o g r a m  de s c r i bed
above. The flow chart for  thi s d ata l o g g e r  is shown in Fi g .  3-5.

Final p r o c e s s i n g  of t h e  LDV m e a s u rem e n t s  is  c a r r ie d  out b y the  \ ‘A I)

and Vortex T rack  p r o g r a m .  A m a c r o  f low cha r t  of t h e  VAD and V o r t e x  T r i c k
prog ram is shown in Fi g - 3 — 6 .  The VAD p r o c e s s i ng  for  w inc h  mea s u re i n  cot

and vortex t r a c k i n g  al gor i thm a r e  con ta ined  in the  s - i  t u e  p ro g r a m.  V or t cx

t r a c k i n g  was not used  in t h i s  t e s t . In t h i s  o f f - l i n e  p r o g ram  the  a r ra y o f  
~~mvalues  wh ich  is  a func t ion  of t i m e  an d  space  i s  p r o ces s e d  t i i  y i e l d  t h i t  t h r e e  --

d i m e n s i o n a l  wind  f i e ld  \ -Al )  t n i . u l c )  or  t h e  a i r c r a f t  ~v i k e  v i i r t , -x I r a  , - e t i i r j c s

( vor tex m o d e ) .  The  p r o c e s s i i i i ~ of t h e  \ ‘AI )  n & - i s u r e n i e n t i n v i i l v , - s  t h e  c m  -

putat i on  of t he  u . v . vs w i nd  c o l up o i l i - t i t s  f r om  t h e  c h i a  t o t  , - r C -; t i e  ~ in io ’ ’i d , i 1
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VAD LDV signature discussed earlier in Section 2 and is described in more

detail in R e f .  5. The program is geared to handle bot h the translated and
non -translated LDV signal. A translated signal is provided when the LDV

system includes a f requency  translator , which dist inguishes between positive
and negative values of l i ne -o f - s ig ht velocit y. A non-translated signal pro-
vides only the absolute value of l i ne -o f - s ig ht velocity as shown in Fig .2 - 1 3 .
However , during the course  of this research  effor t  all of the data acquisit ion

and data process ing was done in the non - t ransla te  mode.  Three  basic tech-

niques have been implemented to compute the three-dimensional win d com-
ponents  as follows: ( 1 )  a peak algori thm where  the magni tude and location of

the peak signal in the s inusoidal  LDV VAD sig n a t u r e  is used to compute the

veloci ty  components;  (2)  a spectral processing for the winds usir~ the derecti-

fied s ignal:  and (3) a sine curve fit .  The final output is a plot (and printout)

of the u , v and w velocity components as a function of altitude and time.

3.2 DATA PR OCESSING ALG ORiTHM S FOR WIND MEASUREMENT

Lockheed-Huntsville has developed three algorithm s for calculating the

mean wind speed and direction from the VAD signatur e. For each of these

algori thm s , mean wind and di rect ion is calculated for  each 5 second VAD

sweep . Standard deviations of wind speed and direction can be calculated

from multiple VAD sweeps.  The data output of the  LDV sys tem operating in
the VAD mode a re  l i n e - o f - s ight veloci t ies  m e a s u r e d  at a selected n u m b e r

(usua l ly  350 in the cu r ren t  Lockheed s y s t e m )  of d i s t inc t  points  aroun d the

VAD cone.  We recall that the l i n e-o f - s i ght veloc it y sig n a t u r e  is theoret ica l ly

s inusoida l  in the  VAD mode ( c f . , I- i g . 2 - l ~~t .

For all of the  proc es sing al go r i t h m s , p r e p r o c e s s  ii i ~~ of t he  data o c c u r s ;

th i s  p r e p r o c e s s i n g  includes:

1 . Save l i n e  - o f —  sig ht v e l o c i t i e s  fo r  one ro ta t ion  if s c a n ner

-~~. I i  two or I n u r e  r o t a t ion s  o ccu r  at t h e  S D i l i i  a l t i tu d e , a v e r a i ~t w i t h
p r e v iou s  ro t a t ions

3. A s s i gn a z i m u t h ; in g l - to  i - a c - K  point  ( a s s um i n c  c on s t a n t  ro t t i t  m
r it e t

____________  . - - - - . -- .~ 
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4. Edit points to eliminate spurious points

5. Plot l ine -of - s ig ht velocity ve rsus  azimuth ang le.

The edit criterion for the elimination of spurious points  is  that the ~th

point is eliminated if

v - v  - > .2 vr , i r , i+ 1 r , i+ 1

and
v . - v  . > .2 v  -r , i r , i — l r , i — i

A sample plot of unedited l i n e - o f - s i ght velocity v e r s u s  az imuth  ang le i s  shown

in Fig. 3-7.

3.2.1 Peak Algorithm

For the calculation of wind velocity b y the peak algo r i thm , the calcula-

tion pi~ocedure is

1. Filter data with an n point moving averag e
2. Identif y the two peak velocit y points , V 1 and V 2 that occur  at a

minimum of 90 deg apart p p

3. Comput e horizontal componen t of wind velocity

V - f V
V - ~~~~1 p 2

h 2 sin~

4 . Compute horizontal  wind angle with hel p of estimated wind
di r ection

5. Comput e vertical component of wind velocity
V - Vp1 p2
2 cos~

6. Derectify VAD signal if no translato r is  present and plot d e r e c t i f i e d
signal

40
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The individual data point s a r e  f i l t e red  with an n point moving averag e

f i l ter  (n is usually 21 ) .  Thus , each l i n e - o f — s i g ht point  is f i l t e r e d  by

V = V +... + V - + V + V + . . .  + V /nr , i i - n — i  r i — l  r , i r i+ l  - n — i

~ 
r , i - -—~— r , i -f- ---~—

where  V is the f i l t e red  value of l i n e - o f - s ig ht ve loci t y to be u s ed  in fu r the r

calc ulat ions.  A plot of the  f i l t e r ed  l i n e - o f - s igh t  ve loc i t i e s  for  a ~ l point f i l t e r

is shown in Fig .  3-8 .  Additional samples of the L D V  sig n a t u r e  ( inc lud ing  raw

data , f i l tereci  data , and d e r e c t i f i e d  data)  a r e  p r e s e n t e d  in Appendix A .

When the LDV data a rc  m e a s u r e d , an approx imat ion  of t he  win d ang le is

recorded.  The calculated wind ang le is the az imuth ang le of the peak which is

closer  to the es t imated wind  ang le. The wind a n g l e  p lus  90 deg is t h e  ani~lc at

which the l i n e - o f - s ig ht ve loci t y is theore t ica l ly z e r o . This  ang le is u s e d  for

the de rec t i f i c a t i on  of the l i n e - o f - s ig ht si gnal . A p lot of the d e r e c t i t i e d  e d i te d

but un f i l t e red)  l i n e - o f - s ig ht velocit y is p resen ted  in Fig . 3_ I)

3.2 .2 Fourier  C o e f f i c i e n t  Al g o r i t h m

The Four ie r  c o e f f i c i e n t  algor i thm (or spectral  algo r it h m)  comp u t e s  the

fundamental harmonic of the line-of_ sig ht velocity. The Four i e r  se r ies  f o r  a
gene ra l i zed  p e r i od i c  func t ion  is

f ( x )  = -
~~~~~ + (a cos~ -~~~ + b sin~~~~-)

where  the Four ie r  c o e f f i c i en t s  ar e  g iven b y
L

~ ‘c’ -a = 
T~~ Z~~~~~

\
~~~~

c0 5

i= l

L
2 T i l lb = — V. s in (— --n 1, I

i::~l

I-
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w h e r e  the L discrete points are uniformly spaced between 0 and 2~ and V .

is the line-of-sig ht velocity for the ~
th point in the scan. For the calculation

of the three wind components it is necessary to calculate only a0, a 1, and b 1.

However , the second and third harmonics (i.e., n 2 and n = 3) a r e  a lso  cal-

cu lated as an indication of the nonun i fo rmi ty  of the wind.  A correct ion factor

must  be applied to compensate  for  the absence of data point s which  lie bel iw

the veloci ty th resho ld .  Althoug h the l i n e -o f- s i g ht s igna tu re  in the  VAD mode

is theoret ical ly sinusoidal , the  e x i s t e n ce  of the  velocit y t h r e s h o l d  causes  t h e

s ignature  to appear as shown in Fi g .  3-10.  For the  purposes  of d e r i v i n g  the

correct ion factor , the o r i g i n  is  chosen so

a 
-v = + b sin9r 1

In Four ie r  a n a l y s i s  is the dc componen t .

If  the  ver t i ca l  component of veloci t y is small  compared  wi th  th e  m a g n i t u d e

of the ve loc i ty  th re sho ld , the  ang le for  which the  si g n a t u r e  i s  z e ro  is /~~ 
‘
~~~

as shown in Fig . 3- 10.  The pa ramete r , Z , i s  the  rati o of  zer o  p o i n t s  to t ot a l

points in the VAD scan.  Let a~~and b 1 
be the va lues  o f  t he  F o u r i e r  C o e ff i -

c i en t s  calculated f rom the  l i n e-o f - s i ght ve loc i ty  s ign a t u r e .  The i n tegr a l

form of  t h e  equat ions for  Four ier  c o e f f i c i e n t s is u s e d . }-‘nr  the  t h e o r e t i c a l

velocity signature ,

a~ = l/~ f  (a /2 + b 1 
s i n9 )  c19 = a

h owever  for the actual  ve loc i t y s i g n a t u r e

~ ~- -z~r/~
a = l/ 7 r  J (a , Z + 1)

1 
s i n Q ) d 9  + f  ( it  / 2  + s i n Q ) d Q  - - - t ( l  - /~l

‘I ’lue r c fu r i  ;o c~~r r i - c t i o n  f a c t o r  of 1 - (  1— Z ) lu t I s t  h i -  app l i e d  t i  t h e  c a b i i l i t e d

va lue  of a I)

4 5
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For the sine term , for  the theoretical velocity signature

= i/~~f (a /2 + b 1 s in9)  sin9 dQ = b
1

• For the actual velocity sig n a t u r e

= l/~ f  (ao/2 +b
1 

s inQ)  sin9  dB + f  (a /2 +b 1 sin 9) sinO d9
Z7r/2

= b
1 11 - Z +  sinZ~~~

Therefore , a correction factor 1/[l-Z+ (sin2~)/~] must be applied to the
horizontal wind components.

The calculat ion procedur e for the spectral algor ithm is:

1. Compute the Four ier  coe f f i c i en t s for the  f i r s t  t h r ee  h a r m on i c s
( n 1 , 2 , 3)

a = 2/L 

~~~ 

V . c o s (2 ~~i n/ L )

b 2/L ~~~ 
V . s i n ( 2~~in / L )

2. Compute co r r e c ted  fundamenta l  ha rmonic

Corr  ected Value / Calcu la t ed  Fun da m e n ta l1-L +  ( s on 2 ~’) ,’~

3. Cn m n p u t t - v e rt i c a l  wind  c o r r ect i on

C r  r l l c t e l l  Va ’ c i t  = 1- (-a le i i l . t t  t i  I V , i  l i i i -

- 17
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4 . Compute  h or i z o n taj  ve loc i ty

V _ _ _

h sin~~~~

5. Compel e ho r iz  o~i ta l  ang le

Ang le~ At~t n ( b
1/a 1)

6. Compute  ver t ica l  w ind  v e l o c i t y

-a
0w =

2 cos~3

3.2 .3 Sine Curve Fit Technique

The line-of-sight velocity signature is s inuso ida l  for  a un i fo rm wind.

Therefore, we find the best sinusoidal  wave which f i t s  the  data irs a leas t
squares  s ense . T h e r e f o r e  we w i s h  to  m i n i m i z e

(V . - C - A c o s B .  - B s i n 9 )~

w h e r e  V . i s  t he  l i n e — o f — s i g ht v e l o c i ty  ( d e r e c t i f i e d )  at  p a in t  i , 8.  I s  - i  - - i i i u u t h
at point i . T h u s  we o b t a i n  A , B , ari d C b y

[
~~~cos

2
o.]A - ‘- 

[~~~~cos9.  sinB.] 13 + 
[~~~ cos9~]C =

[~~~c - osO .  s i nQ . ]A  + 
[~~~~si n ’~8.]Il + [~~~s i n ~~]C 

~~~ 
~~i I i 0 .

[~~~~cos9 .]A + 
[~~~~si r u O i ] I i  + nC = :~: ~~~

4 8
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The steps for c al cu l a t i ng  w i n d  u s i ng  the  lea st s q u a r e s  al g o r i t h m  are:

1. Find least  s q u ar e s  cu rve  fit  for a s i n e  wave to the data

M i n i m u m  = ( V .  - C - A cosO
1 - B s i n O 1) 2

wh ere

is l i n e - of - s ig ht ve loc i t y at poin t
i s  a z i m u t h  at point

C , A and  13 ar e  c o e f f i c i e n t s  to b e  s o l v ed  for .

2. Compute h o r i z o nt a l  ve loc i ty

h sin ( c o n e ang le7~~

3. Comput e h o r i z o nt a l  a ng l e

An g le s = A t a n(L ’A)

4 . Compute vertical  wind velocity

-C
= cos (cone  ang le7~~

L 

4 )

-

~
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Section 4

DATA COLLEC TI ON AND ANALYSI S

In this section the data collection procedure and interpretation of the

data are described. Proper in te rpre ta t ion  of the data is  v e r y  imp or tant .

The Lockheed Mobile A t m o s pher ic  1/nit was bui l t  as  an e x p e r im e n t a l  un i t

for the measurement of atmospheric wind phenomena . At the t ime of the

beg inning of the fog tests at Otis AFB , the  Lockheed uni t had been  in opera-

tion for approximately ten mon ths .  Dur ing  this t ime  per iod , much informa-

tion about the operation of remote sensing systems was ga ined , and new

operat ing techniques  were  genera t ed .  For example , the  least  s q u a re s  S l f l t

algor ithm was orig inated b e c a u s e  of i n a c c u r a c i e s  in the peak and spec t ra l

algor i thms  observed in field tes ts .

Dur ing  the field tes ts , des i gn im p r o v e m e n t s  in both s y s t em  h a r d w a re

and so f tware  have beco m e apparent , and m a n y  of t hese  i m p rov e m e n ts  h a ve

been incorpora ted  into LDV system s bui l t  fo r  the  U S . A r m y  and t h e  Depa rt-

ment  of Transpo rta t ion . Some of t h e s e  i m p ro v e m e n t s  ar c  d i s cu s s ed  in t h i s

section as an ind ica t ion  of the  m a n n e r  in which data r e s u l t i n g  f r o m  a s y s t e m

desi gned  for  use  in a fog d i spe r sa l  s y s t em  wiiu ld  d i f f e r  mm lii t in- d i t t o  p r i - -

sented herein .

The data d e s c r i b e d  h e r e i n  is the  f i r s t  d ata col lected in fog w i th  t h e

laser Dopp ler ve loc imete r  - As expe c te d , t h e  s y s te i n  pe l ’ f i  irmed  wi - l i  - I l o w -

eve r , ce rta in opera t ional  and  d c  si gn  i n op r ov en i en t  s c c iu ld  f u r t her  en h i u n c  ~
-

q u l ) t l i t y  ( i f  t he  da ta  in a sy stem desi gned  for  u se  in fog . The  im prov e ine io t  5

a r c  d i scus s  i-cl in t h i s  sect ion .

4 .1 TEST DESCRiPT I ON

The Lockheed M ob i le  Atmosp ht .r ic  U n i t  w i  s i i p c - r ; i t i i  t o i l  i t  t h e  (~~t I S

A VP, test si te  f rom 7 St-p t e rnb e  r t Ii V i i  cg h ~ ( )  ~- ep t E ’l c ib t - r  1 -  c c  - Tb - ItS I t  \‘ I S

p i l e d on s t a n d h v  ~~t t t i i - , - c c i i  t I l l  t i n t w a s  i~~~o - - - t e d  f or  w i n d  l c c i I s d c r t - T I l - I I

d u r  I ng - - r i d  of f t  - -\ d~ - ! r i  I l l  of t i i  Ot is \ F’ h~ I t  : t  s I t  i - i S  Ii V fl - I : -

~~c - -~~I~ i ’~~i ‘ - ~~~~~~~~~ ‘~ L 1D 
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Fig. 4-l. For the test, the direction of the towers was assumed to be north .

The positive u coordinat e was taken as wind from the west , and the positive

v component was taken as wind from the south . A table of the days and t imes

on which data were taken is shown in Table 4- 1.  During the test runs , the

altitude at which the VAD scans were made alternated between 30 m and 45 m.

Thus , in each minut e time period , six scans were  made at 30 m and six scan s

were made at 45 m. Each scan requires five seconds of t ime.

The brief  time breaks in the data are for two reasons.  The f irs t  was

to adjust the laser power for the adjunct purpose of obtaining data on laser

att enuation in fog and was unrelated to the pr imary purpose of the test . The

laser power fluctuates slightl y with t ime. In the condition for which wind

data only are required , lase r power fluctuation is never larg e enoug h to be

of conce rn.  How ever , for  laser attenuation studies , it was believed that the

power should be kept constant .

The second reason for the short interruptions was the removal of

mois ture condensat ion  f rom the m i r r o r s  in the scanner . In a sys tem de-

signed for operation in fog , a small l eater in the s c a nn e r  would prevent

such condensation .

4 .2 DATA PRESENTATI ON

Sample data output are  shown in I - i g s .  4 -2  and 4 - 3 .  A c omplete  t a b u l a r

listing of the data measured  during th~ test is p r esen ted  in A ppendix  13 . The

date is the test site date ors which the run was ini t ia ted.  All t i m e s  a r e

Greenwich Mean Time. The height is the ind ica ted  a l t i tude  (m e t e rs~ on the

lase r  focus ing  sys t em.  Before  each test r u n , t he  l a s e r  r ang ing  sys t em i s

ca l ibra ted  to a s su r e that the actual ~t lt i t U ( 1e of the  data i s  the  d e s i re d  a l t i t u d e .

Thus - an indicatedi  a l t i tude  of 2 8 ni cor r  ~- sponds  to an a c t u a l  a l t i t u de  of  30 ni .

an d an  indica ted  a l t i tude  of 4 3  ni corn  sp onds  t o  in  a c t u a l  a l t i tu d e  c i t  4~ t Iii .

The d i tt o  w er e  r e d u c e d  to g i v e  f i v e  m in U t e  i l v t r tg es b t ! g i i i n u l l g it  even f i v e

m i n u te  t i t t i t -  p er i u(k  . A l t h o u g h t h e  i -un  of I i  Sep t t - l n ! i i r St . lr t ( ’ d ct  IY) : I ~ : ~U ,

t ice f i r s t  ev en  l i ve  l i i i  isut e t i a - r ii el h i ’ga  Ii  - i t  ( )
~~ : ~ U: 00 . I i i i  - fu l l O\~ I i  i f l  —

t e r p r t t t i u t c s  a r t - p i c e c ( l  00 t - t c t I L i t  t I ;  e o 1 i i ! i 1 l l ~~.
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Table 4-1

DATA COLLECTION AT OTIS AFB

- - 

Threshold  A p p r o x . j A pprox.
Veloc i ty  Wind Speed W i n d

Date Start Stop ( ni/ s e c)  ( m/ s e c )  D i r e c t i o n  Fog Type

9- 16-76 9:15:30 10:00:00 0 .53  2 140 ° Rad ia t i on

10:03:15 F 10:30:00 0 .53  1.5 200°

10:31:00 11:00:00 0.53 1.5 200 °

11:2 7:2 0 1L36 :4 5  0 . 5 3  1.5 200 ° 
-

11: 4 1 : 2 0  12 :00:05 0 53 240 ° 
-

12 :07:00 12 :12 :00  0 .53

14 18-76  3: 16 :2 0 
- 6:08: 40 0.7~ 3 - 5  - 150 0 A d v c c t ion

6 : lu~U 0 6:5 1:00 0.7~ - 5

9 - 18 - 76  7 :f t :00  8: 12 :00 : 1.06 7 
- 

180 °

0O:2~~:Q 0 0 0 : l ’) : 00  - 1.06

00:44:00  03:00 :00  1.06

76 1:15 :17 1:25 :47 F~ 2.12

3: 30:00 - 1:34 :45 2 .12

3 3 ’ O O  4 :41 :00  2 .12

L - J 
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4 .2 .1  One Minute Means

One minute means were calculated for each of the minute s of the five

minute  tim e p e r io d .  The minu tes  of the t ime  per iod a re  tabu la ted  in the

f i r s t  column.  Each of the numbers in thi s group is an av erag e of the six

VAD scans that occur at the g iven altitude dur ing  - -i n c  minut e .

Peaks

The one minute mean u , v and w~ c o m p o n e n t s  of w ind as calculated

~
— y  the  peak algo ri t hm are  tabulated.  The w component  is the ver t ica l  corn-

ponent and is pos i t ive  ve~ ticaU y upward .  Speeds a r e  g iven in c m/ s e c  and

ang les ~ re given in deg rees.

The data calculated from the b a s i c  VAD data a r e  h o r i z o nt l i l w in d  speed ,

wind d i r e~ t i ii , and ver t ica l  comp onent  of wind velocit y .  The and v corn-

1)unefltS a r e  calculated f rom hor izon ta ’  wind speed and di r ec t ion . The spci -d

is the  one  minut e ave rage  of the  hor izon ta l  component  of v e l o c i t y ,  and “TH”

is e , the  d i r e c t io n  of the  hor izon ta l  comp onent  of w in d .  The u and v aver-

ages  a r e  ca l c u~atec 1 b y av e r a g ing the u and v v a l ue s  of the  ind iv idua l

VAD scans r a the r  than fr o m  averaged va lues  of u and v . Thus

u. = -S . sin Q
1 1 0 , 1

and

v. = -S . cos8 -
1 1 0, 1

w h e r e  t~u -  i s u b s c r i p t  r e f e r s  to the  i nd iv idua l  V.-\D sc a n s .  The a v - r - f o r

n scans in the one m i n u te  a v - r a ~~e is

= ~~~~ 0

~0~~- - C ~~
- - s ! f l L ’ ’~~~~• u~ ( s in c e  c o t  oct i -d ~ ~ e w co i i ~~ - n~ -~~ shou ld

L U  n o l I t  1 S t  i ed  ‘~~ - 0 . ~~. S



-- 
T’

9
() 

=

U =

and

v =

It i s  noted in gene ral  that

u /  -S s in8

v /  
-S cosO

and 
________

—2 —2
S /  u + v

The same averag ing  c h a r a c t e r i s t ic r e su l t s f rom r esol~- i nt ~ Cup and v - i t t -

anemom eter data into  cornpon ilt s-: and  averag ing or when c o mp a r i t o ~ a v t - r t ~ i 0

data f rom cup and vane  anemom eter s  with a v e r a g e d  d o t - i  f rom p rop e l l e r  a n -  -

morne te r s  - The c h a r a c t e r i s t i c  is  pa r ti cu la r l y p r onoun ced  in ii ~~}it  a n d  V I I  r i d de

wind condi t ions .

Four ie r  C o e f f i c i e nt s

R e s u l ts  a r e  shown for  w ind  ca l cu la t ions  p e r f o r me d  u s i n g  t h e  s p e c t i - i l
al gor i t h r n . The s y m b o l s  have t h e  same m ean ing  as f u r  t he  p i - a k s  aI~~i r i t h n i  -

The ‘‘2D ” is t he  m a g n i t u d e  of t h e  second ha rmonic  and  is the  ov e r ;t g  e of

÷ b~ where a 2 is  t h e  second  F ou r i e r  c o s i ne  c o e f f i c i e n t  a n d  h , i s  t he  
2second  F o u r ie r  s ine  c o e f f i c i e n t . S imi la r ly .  ‘‘3D” i s  t h e  a v t - r o g e  of + b
3 

.

The i t i - i gn i t u d e  of t h es e  n u m ber s  i s  an i n d i c a t i o n  of t u i -b u h - n c  ~ - w i th  t l i t -  f rc  —

q u e n c y  of the t u rbu l ence i n c r - o a  s ing w i t h  the  n u m b e r  of t h e  ha r m i ) n i c  -

Si ne \V;tvt - l it

h e~~it1 t s  are shown for t h ~ - l e a s t  sqi i~~~~-s si n e  l i t  lL~i i r I l ! I r i i  wi t h s i m i l a r

n ~- a n i n i L  s of t h e  symbols  is t o T  the  ‘t t o -  r two i Ir. r i t h i  i i  s. l i i ~ - - -  s1 is  I i )

i n d i c a t i o n  of t h e  d e v i a t i o n  I the (Iota po in t s  f r o m  a j ) i  r t - ~ I s i l o -  i t  -

~~~ 4- i i O (  ( I t  a ) r i ii - ( - s s i ( I g  - r r o r  (a t u e  ( i i r r ( - ( - t ( ’ d )  t h -  w ( ( 4 1 1 1 1  i l - i t  sho~i]d
- a -  mo l t  ip ! t e d  I i ~. — I -

4- i 1-1

-- - - . ~~~~~~- - —- .~ -- -- - —- - --p  
~~~~~~~~~~



4 .2. 2 Cumulat ive Means

The cumulative means  a re  ave rages  of i n d i v i d u a l  VAD scans  taken

over the tim e period indicated.  For example , the t h ree  m i n u t e  cum ulat ive

mean is the averag e of the VAD scans  t a k e n  over  the fi r st three minutes of

the  five minute  t ime pe r iod .  They a re  not ave rages  of the one m i n u t e  m e a n s .

The two averag ing methods  would be ident ica l  if  the  number  of VAD scans  in

each one minute  ave rage  w e re  a lways  i d e n t i c a l .  The f ive  m i n u t e  c u m u l a t i v e

m e a n s  are  the ave rages  over the f ive minu te  t ime  peri od of int er est .

4 .2 .3  One Minute  S tandard  Devia t ions

Thi s section list s the  s tandard  deviat ion of each of the  va r i ab l es  for

each one m i n u t e  tim e per iod .  Each  s t a n d a r d  deviat ion is t h e  s t a n d a r d  (j( U -

v iat ion of the six VAD scans  in the Ofle minute period.

4 .2 .4 C u m u l a t i v e  S t anda rd  Devia t ion s

The  cum u la t ive  s tandard  devia t ion s ar e  analog ous to t h e  s ta t i  d a rd

mn e a n s .  They  a r e  the  s t a n d a r d  d e v i a t ion s of t h e  i n d i v id u a l \ ‘A I)  sc~t n s  t i  ken

i v i - r  the  t ime per iod i nd i ca t ed .  In g e ner a l , t he  c u m u l a t i v e  a ve r a g e s  of t h e

stand a rd  devia t ions  a r e  not a v e r a g e s  of t he  one m i n u t e  mi -otis b i c U t i l s e  i i i

t h e  mathem atical  de f in i t i on  of s t an d a r d  dev ia t ion  -

4 .3 DATA A N A L Y S I S

Althoug h meteorological t ower  data a r t - not  av a i l a b le  f o r  di o c t  ~ um —

p ;ir i s o n  with l a s e r  m e a s u r e d  winds , a cli SC U S  si  on of  pr -v i ous win ci c u r i i p a  i - i  -~~~i i i  s

Wit h 111 et eorolog ica 1 t owers  i s hel p ful  in t h e  i n te r p r e t  at ion o I I i i  e r -  st~ I t s  ( i f

this t i - s t .  O b si - r v t t i o n s  a b o u t  ( ) p e r ( t i o l l  in l ou  i r e  a l so  ( p p r i i p r i . t t e .

4 . ~_ l  Cu m p a r i s i n i  i i )  ( i i i p , i t - t i s i  1 .\ l u ’) r I l i 4 - S

The r e l a t i v e  t i c c i i r , t c i ~~s of H o -  t i n - c  - ‘ i p t - t l i s l i I i l  t l u i i r i t l i n i s  C an  lo-

seen by co i np ar i  son ‘‘. - t  t Ii rn - l  - - r ui iL’ 0 - t  I - t - t  i t  i I t - - - I s  -

5
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The winds calculated with the th ree  algori thms descr ibed in Sect ion 3
a re  shown in F igs . 4 -.4 throug h 4-6 for data m e a s u r e d  at the  Wave Propaga-

tion Labora tory ,  National Oc eanic and Atmospher ic  Adminis t ra t ion, B o u l d e r ,

Colorado . The winds were measu red  in March  1976 . The sole d i f f e r e n c e

between the t h r ee  parts  of each fi g u re  is the data p roces s ing  a lgo r i t hm U S S O I .

Some gene ra l  observations a re  that the peak algor i thm tends  to g ive mean

wind values that a re  biased slig htl y high compared to the tower  m e a su r e d

mean winds . This is p r imar i ly  due to temporal  variat ion s in the wind at

hig her f r e q u e n c i e s  than the  f u n d a m e n t a l  f r eq u e n cy  in the  \ TA D si g n i t i t r e  -

t h u s  the  peak of the signa tur e (i .e. , t h e  f u n d a men t a l  f r e q u e n cy  wi th  s up er  -

imposed hig her  f r e q u e n c y  v a r i a t i o n s )  has  a v a lu e  that  is  hi g h t - r t i - t n  t i t s -

averaged  values .  This in terpre ta t ion  is c o n f i r med  by the  r u n s f o r  which t i e

gr e a t e s t  deviation above the  45 d e g re e  l ine  o c c u r  a r e  t h e  run s fci r w h i c h  t h e

g r e a t e s t  value of wind standard deviation ( i n e t s u r d - u l by the  t i i ~~ t -r ) o c cu r ,  hi

par t i cu la r , for  t h e  po in t s  of R u n  ~ f a r t h e s t  of f the 45 dcu r e e  l i n e  iii - i g  s - 4 - 5

and 4-6 , th e standard deviation of w in d  speed is  1. ~2 in Sec and I .75 r n / Se c  -
r e spec t i ve ly, wh ei- eas  the  s t anda rd  dev i a t i on  of w in d  s p i a - i i  ‘aai S U 5 i k . i l l V  be  -

tween 0 .9 i f l /  sec and 1. 4 n i -  sec .

It is  a l so  obse rved  that  the  spec t ra l  a l g o r i t h m  t e n d s  I - g i v  i - m .-an  ~‘;i n~
va lues  tha t  a r e  b iased  slig htly low compar ed  t i  t h e  t i i \ \ e Y  f l i t~~l s I r e -  n i - . t  n

w inds . It ‘a as  o b s e r v e d  d u r i n g  t he  data p r oc e s s i n g  i l  t b -  Ro il t , - r  ~~~ i t - i  H i t

t h e  m agn i t u d e  of the  b i a s  is a f i n c t i n 0! t h _ - nu m b e r  S i !  v i l i d  l i n t - - i l  — s i t ~

v e l o c i t i e s  ob t a ined  d u r i n g  th ~ - \ AI) scan  . The b i t s  i s in si g ni  f t  a ~~t J i  ~r t i t i  -

w h e r e  rn or t -  t han  50 va l id  11110 p u n t  -; a r e  - t i t i i n e d  d u r i n ~ i t c h  \ . -\ i I s c m  -

i s  not~- cl t ha t  a i i i i f l h l i u r  ( i t  ‘ 1  i t i  p- n i t .s h I i ~ t t n s  v a lu e  w a s  c-b t on t - a  only  i t l i  I i

it  Table \I i i i n t t j n  and  Ha i t  t h e  low n u m b - i  ~~ t ~~ i t t  p o ut s  w o u l d  i t _ - v s - r i t  i i i -  in

a i r  w i t h  t l a r g - r  q i i i~t t i I ’ .- ‘ ‘ I  i t o- i l  - (  - r s i l t h a n  I i  ~ c l e a n  n i -  ~l ‘l b15 -

\ i ou n t a in . The li - i  st o lu a r e s  s in - a l g o r i t l t n i  S i lOs  to  p r t - s t -n t  mb s \ - i t t - i i i t i i
bi- o . ami d  t h e  se t t e r  of t l i t -  ‘l it - i  ab-~~i t the -4~ d e g r e t -  l i n e  i s  le s s  r tb ~~i : i , -

a l g o r i t h m  t h an  l i i i -  t h e  othe r  two  pl- i l ( - c s s l i c  I -  i n o~ u e s  . ;\ e  - - n i p  j . ) 5 u i f l  t i  f l i t -

peak t i g i m - i t h i n i  a nd  t he  sp e c t r a l  i i  i T i t t i l i  w i t h  i i i -  s i ne  a l g i t r i t h -  l i i  l i i  1 . 1 0

n u i ’ t s i i i i u I  a t  ( h i s  A l - h i s  s b ; - i w n  in F l u .  4 - 7 .  I i :  s i i i j b a i  l i u t i r i - s  in  i i : -

m-
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Boulder data (Figs. 4-8 and 4- 9)  it was observed that  the speed calcu

lated b y the peak algorithm was almost always greater  than that calculated
by the sine algorithm . The sam e observation is valid for the data g rea te r
than 4 m/sec at Otis AFB , but for  lig ht winds ( <  2 m/ sec)  the peak algor i thm
often g ives a value which is less than that derived from the sine algo r i t hm .

4 .3. 2 Variat ion s in Fog Dens i ty

One of the problems associated with wind  mea surement  in fog i s  incas  -

urernent  in both fog and clear air . Unfor tuna te l y ,  the  m a g n i t u d e  ( i f  t h i s  prob-

1cm was not completely ant ic ipated and som e data were  lost. In fog , for  t he

manner  in which the data were  taken , the backscat tered si gna l  i s  v e r y  l a r g e

and mus t be attenuated to avoid going off scale in the  s p e c t r u m  ana l y z e r .

With this quant i ty  of attenuation , when the focal  volume hi ts  clear  a i r  an ade-

quate s ignal  cannot he obta ined . This  problem o c c u r s  if the  data a r t - t a k e n

on a lin ear scale . The L o c k h e e d  sys tem also  has a l o g a r i t h m i c  sca le  w h i c h

avoids the problem b y dis play ing and record ing  the l o g a r i t h m  of t h e  i n t e n s i ty

of the r e tu rn  signal . Since the  magn i tude  of the  problem w~m s not an t ic ipa ted .
all data during the test  were  taken in t h e  l inear mode.

The problem is illustrated by the  data for  18 Sep tember  - 1-r omn the

magnitude of the wind it is apparent that the fog is an advec t ion  fog . \ a l i d

data for wind speed on t h e  o r d e r  of 3 i i i  sec to 4 m n/ s e c  is obtain i-d at b i i t h i

alt itudes from 3: 20 to 5:20. I lowever , a f t e r  ~ :20 the  wind i n c r e a s e d  t i  au

order of 5 m i t / s e c  to 6 rn/sec . This  would  c a u s e  the  ad~ - e - ct i o n  f i g  l u  l i f t

slig htly, providing clearer air at the l o w e r  a l t i t ude . T he  (iota t a k en  t ~~) m
alti tude between ~: 20 and 6:50 is t h e ’r t - f i r e  some -what  sp a r s - . I ) t i r i n g  th i  t-

b r ief  in terrupt ion f rom 6:5 1 to 7:16 th e l a se r  p i i \ \ i -r  am i d s i g n a l  a t t t ’mi u a t i i i m i

we re ad jus ted , and val id !  data w e r e  ob t a i n  ccl th i  e ’ r e . t  i t - i .

A s imi la r  condi t ion  is  seen iii t b -  d - t t a  ( e l  H -  S t -p t e ’mnbe .- r .  ‘l b \ \ l m l d

speed ind ica tes  a r a d i a t io n  fog . \ a l i d  ( l . t t i a r e - vh t t  n o d  at  t h e -  h ( t - g i m i n h l m g  of

th e ’  run . As the  depth of th e ’ l o g  d e - c r s a nn-d t i t e r su n r i s t - . l i i -  s y s t e m  - i i i

to lo se d .ut t at t h e  hi g her a l t i t u d e .  Adj u  stm ii ent il I - ser P o~ e r - to ! t i t  e - m i t i . t t i oil

at 11:40 r e s to red  ~i good si g n a l  at both a l t i t u d e ’ s .

(4
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Measured  at Table Mounta in , Colorado
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As mentioned prev ou s l y ,  these  ad jus tmen t s- v. -- eld have Leen u n f l e ( e - s -

sary if the laser intensity had been measured  in the logar i thmic  sca le . In

order  to ver i f y that an adequat e si gnal  could be obtained both in and out  of

fog conditions , Lockheed-Huntsv i l l e  made measurements  in low cloud c om b  -

t ions at its Huntsville faci l i ty  on 7 December  1976. The repo rted i h i - t e - i r u -

logical  condition s at the  I-Iuntsv il le -Madi  son County Jetplex (10 n i i l e - s  i r i m

the test  site) are  shown in Table 4 -2 , and wind conditions a r e  shown in Fi~~s .

4-10 throug h 4-17. More complete data f rom th i s  set of m e a s u r e m e n t s  i r e -

shown in Appendix C. Adequate data were obtained for both in and  n i t  of t he

clouds using the logarithmic scale .

4.3.3 Light and Var i ab l e  Winds

The existence of li ght  and va r i ab le  winds p r e sen t s  sonic uni que c o n d i -

tions which mus t  be cons ide red  in the data analy s i s .  The f i r s t  of t h u e - s c  is

important  when compar ing  the LDV data with propel le r a n e m o m e ter  d a t a .

For the propel ler  anernonieter  data , the wind can fal l  below the t hr e - s hu l c i

value in one of the component d i rec t ions .  However , because  t i n -  LDV op&- r -

ates in speed-direct ion coord ina tes  and then t r a n s f o r m s  the da ta  in t o  ur t h ico -

gonal coordinates , it has no threshold value in the orthogonal d i r e c t i o n s .

Thu s the WV can ind ica te -  values of wind which a r e  below t h e  t hmi’ t -shi ~~Id v Olue -

of the anemometers. This can  a ff e c t  the ave rag ing  over a pc - r in d  ul t u b e - .

In the n-mode of LDV operation without a f r e q u e n c y  t r a n s l a to r , t h e  sy ~ - l - i i i

is unable  to d i s t inguish  between positive and nc ga t ivc -  v e l o c i t i e s. T l i e r t - b  ‘ i t ,

at the b e g i n n i n g  of each  run , the operator  make s an c s t i n -mo t e -  ot w ind  di r e - c t i o n ,

and! t he d i r e c t i o n  is chosen  as the ang le of the peak of the  \ A D  Si ifl ~c i . l - i~,’s .

3 — 7  and 3 — 8 )  w h i c h  l ies  c l o s e - s t  to the estimated wind ( l i r e c t iu n  lii pra  i j i  e

thi s c a u s e s  no p r o b l e m  if the -  a c t u a l  wind d i r ec t i on  is wi thin  ±811 d e g  it  t i m e

estimated wirni . In a l l  pre v io u s  applications of the V Al) t e n  I ln idj u ta . tIns

c r i t e r ion  has been c -a si l y no -t , and no ambigu i ty  has  r e - s u I t e - c l  f r om  t i e  ~ ys  —

t e n t  hrn itat ion . I b o w e -ve r , in l igh t  and v a r i a b l e ’  w i n ds , t h t -  \- . m i i a h i i i i  i i i  \ V l i i ( l

d i r e c t i o n  f rom t h e  est im ated wind ( I i r e - c t i o n  can  occa si na  il y - i-a c d  it )  dcc

for on e -  S r  I nur e ’ si Oti s in the inc  n - m i n u t e  4u ~- e ’ m - . e g e - . F r  i t  ii - i  at  h r  ~ - 1ij e  h i 
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this condition occurs , the wind angle is erroneous by exactly 180 deg. The

wind speed is c o r r e c t .  The u and v components a r e  c o r r e c t  in m a g n i t u d e

for  each VAD scan;  but are  wrong  in si gn.

The one minute a v e r a g e s  for  which thi s condition o c c u r s  can be c l e a r l y

ident i f ied in the data . Since it is known that  the re  a r e  six scans  in ev e r \

one minute a v e r a g e  and the ang le of one or more  of the scans  is w r u n g  by

- ;  180 deg, the standard deviation of the one minute m e a n  of the wind ang le w i l l

exceed 60 deg if the c ondition o c c u r s . Similarly ,  the s tandard  d e v i a t i . n  of

both the u and v componen ts  mus t  exceed 74~~ of the i r  r e s p i - c t i v t -  mean

v a l u e s .  To See this , a s s u m e  that the t r u e  v a l u e  f r o m  each s c a n  of a uri c

minute  a v e r a g e  is a. T her e f o r e , for  6 scans  in the  one minu te  a v e r a ge ,

the expected  va lue  and expected va lue  of the s~~u O r L ’  a r k -

E(X 2 ) = 6 a 2
/6 E ( X )  6a 1 6

and the V a r i a n c e  is

E(X 2 ) - E 2 ( X )  = a 2 
- a~ = 0

If one of the six value s has  t h ~ w r o ng  si gn ,

E(X
2 ) 6 a 2

/ 6  E ( X t  = la

an d t h L - v a r i a n c e  is

S ) -5

E(X ’ ) - E~~~( N )  a ”- - ( - l : i  o)
1

~ Cl 0 , 5~ a ’

or t I ~ s l . no l a r d  ( I C -v i a t i o n  is 0. - I t .  I ho ]-  t i l l  & - ) l 1 ( i i t i u f l  ( I t ’ s ( r l i u - I , l i O l \ ’ e is

S S L S l ) ) L l s ’ d ii the  si : . t r ( ~ ( h ’ V j . l t l  .115 C I t  1)0th lii. L i  . 1 1 1 0  V ( ‘ C ( i l 1!~~~~l k - f l t S  P ‘ ( I) ~~

74’~ t h e i r  I ’ C ] - f l I L t i . k- 1 1 9 0  V O I l I L ’S f I l l  4 ) 0 )  !Cl i f l h l l )  . l \ P ~’~~~~1~~~~I~~~
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In some condit ion s ( e . g . ,  43  rn dat t ot  14 S ep t e m b e r  i i  ending  at

10:40 :00) the s tandard  dev ia t ion  l O r  Wi ids  ~~~~ l ( u l 1 l t  1 -0  r C l i  t h e  sin t- a l~y p r i t h m

may  indicat e that th is  cond i t ion  l x i  st ~ - ~~~~ r C - O S  t he  st . I I C : a r d  d e v -i at i on  for  th-

peak algor i thm indica tes  tha t  the  p r o b l e m  ( 1 ( L ) -s n Ot  & - x i s t . VI I I L ’f l  t h i s  c ) f l ( i i  —

t ion o c c u r s , the  wind data c a l c u l , I t - ! l  v~ iCi t he  peak al g o r i t h m  c an  bc - \ p C - ! t ed

to ~ ive  nior  e re l iab le  data than th ~ \~ m d  C I o t a  i-ale u l a tt - d  wi th  t he  s i n t -  a l - a  C )  —

r i thm .

It is noted that  th i s  c o n d i t i on  oc c u r s  onl y r a r e l y for  thu . - l i g h t  w i n d s  of

16 September and fl y e r  for t he  hig h er  winds  of 18 Sep tem ber  . The h i h  - 1

wind s a r e  les s  su scep t i b l e  to wind speed c h a n g e s  of m o n  t h a n  00 ( I C

This l imi ta t ion  of the  L o c k h e e d  LD V  as c on f i g u re d  fo i’ t h u  t e s t  1105 l i t i l i

r e c o g n i z e d  in  the  pas t .  A t r a n s l a t o r  is c u r r e n t l y bc -i n 1fl -C t I I 1 C -c Ill t I C k -

Lockheed  s y s t e m , and t r a n s l . c t . c r  s h a ve  been i n s t a l le d  in th~ LI) \ sv s t - l n ] ;

bu i l t  fu ’  t h e  U . S . Army  N I l  s s i ll  ( - on in iand  and D epa r t in  i -n t  co ran s.pc i-t  ct  : ( ) n ~
T IC i: p r es e n c e  of a t r a n s l a tor  r I - I l l  I C V k -  s all a n i l i i gu i t  y dS 5 cia I c -i l  w i t  h t h -  di —

i- C - I - t i l l  of t b :  w ind  and so lves  the  p i ’ob lt ’mn dl  se r i b e d .  I t  .115 ( 1 o c C v i , c t l -S  t h e

need (1’ e 5t l l f l, l t c~~~ of wind r l i i  C - t io n  to be I r l iu li  b y the s y l - I t I - n i  Op - r . c tl n - . The

abs en(  e of a t r an  slat or has  c an s  i d  no p r c c h l e~ii i i :  p a s t  f l i t - I S )  r ( 111  l I lt  S c i  w i n d

us ing  t in -  \ Al) mode .  I l o \vcv t -1’ , it i S  (‘ 1 1, 1 1 ’  t I I . ( t  .1 t l’an sl c t l c r  w i l l  be f l i ’t c S s , I l ’V

for mi -as  ui ’ -i n ent o w ind  in h g  lit and ‘,
- .t  i’i .1 bi le i o n ( h i t i  I S f l S  

. - ------ - 



Section 5
CONCLUSIONS AND RECOMMENDA TIONS

The abilit y of the laser Doppler velocimeter to measure  winds  in fog
has been demonstrated , The continuit y of the data recorded  and the quant i t y
of data recorded were adver sely a f fec ted  b y the secondary  purpose  of the
test . This purpose was the mea surement  of laser  a ttenuat ion in fog and  r e-
qu i red  that the laser  power be kept constant  within  l imit s m o re  r e s t r i ct i v e
than requ i red  by wind measurements alone .

The addit ion of a t ransla tor  (to d i s t inguish  between pos i t ive  and n eg a t i v e
l i n e - o f - s ight veloci t ies)  and real t ime data process ing  will fu r the r  enhance  the
abi l i t y of the LDV to m e a su r e  winds  in fog , Both of these  addit ions a r e  planned
for  1977. The abilit y of the LDV to m e as u r e  win d in patch y fog or in fog and
clear air  above the fog is enhanced b y the  use of the  logar i thmic  scale of laser
i n t e n s i t y ra ther  than the  l inear  scale .

It is recommended that the  fu t u r e  ac t iv i t ies  of the Lockheed  LDV and
the  Depa~~ment of Transportation LDV be monitored . It is likely that both
of these uni t s  will t ake  data in fog in t he i r  normal  U s e .
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